There are several techniques that may be used to measure the pulmonary blood flow. We wished to determine whether a relatively simple test, entailing minimal interference with the patient, could be employed to give a reasonably accurate assessment of the size of intracardiac shunts. Standard methods currently employed in the determination of pulmonary blood flow in cases of intracardiac shunts include cardiac catheterization studies with application of the Fick principle, and various indicator-dilution techniques. None of these procedures is, however, within the scope of ordinary clinical examination, and alternative methods have been sought.
Use has, for instance, been made of the observation that the increased pulmonary blood flow associated with most cases of atrial septal defect may effect changes in the appearance of the pulmonary vasculature, as viewed in the routine 6-foot chest radiograph made with held respiration in the erect posture (Healey et al., 1949; Campbell, 1951; Kraemer et al., 1955; Fouche, Beck and Schrire, 1963) . Kraemer et al. (1955) reported that there was no apparent quantitative relation between physiological and radiographic changes in atrial septal defect, as judged by the parameters of pulmonary flow index on one hand and the degree of lung field vascularity on the other. Fouche et al. (1963) , however, found that a correlation did exist between percentage left-to-right shunt and the degree of pulmonary plethora in cases of secundumtype atrial septal defect, when the normal gradation of vascular markings between apex and base was taken into account. A rough correlation was also found to exist between cardiothoracic ratio and percentage left-to-right shunt.
Bedell (1961) undertook studies in connexion with the diffusing capacity for carbon monoxide in the lungs of patients with atrial and ventricular defects. This work was subsequently supplemented (Bedell and Adams, 1962) with studies in normal controls, at rest and under conditions of exercise. It was found that the single-breath carbon monoxide diffusion technique yielded significantly higher values for diffusing capacity (DLCO) in cases of intracardiac defect than were found in normal subjects; and that the values for DLCO were higher for atrial septal defects than for ventricular defects. There was also a tendency towards higher DLCO values with increase in pulmonary flow.
In the present study, the simple Milledge (1960) technique for determining CO diffusion was used in a series of tests carried out in 16 patients with intracardiac shunts, so that the findings could be related to the radiological appearance of the lung fields and the hemodynamic status (Table) . In a separate control series of 17 subjects with no known increase in pulmonary blood flow or underlying cardiovascular disease carbon monoxide diffusion was determined by the same technique and the radiological appearances evaluated.
METHODS
For measuring CO diffusion we made use of the Milledge (1960) "steady state" technique, as modified by Wassermann (1961) , which employs a pallado-sulphite detector in the estimation of carbon monoxide (CO) concentration. By means of this technique we were able to measure both the percentage CO uptake and the "conductance" (CLco) under resting conditions. The use of these two indices avoids the necessity for obtaining a representative end-tidal sample of expiratory gas as required in the assessment of diffusing capacity (DLco), the partial pressure of CO in the inspiratory gas mixture alone requiring to be known. The term " conductance" was first proposed by Dornhorst (1952) . It has since been employed by MacNamara, Prime, and Sinclair (1959) at the Brompton Hospital in studies of CO diffusion. This determination differs from the more customary index of diffusing capacity only in that the Pco of the inspiratory gas rather than that of an end-tidal sample is used in the calculation. MacNamara has made the observation that while CLco will not be of assistance in drawing a sharp distinction between patients and normal persons, it will in fact provide an accurate measure of the efficiency of the gas-conducting pathways taken as a whole. On the other hand, he concluded that CO percentage uptake was as useful as DLco in differentiating normal and abnormal lungs. Variations in the degree of CO uptake are determined chiefly by changes in the alveolar surface area available for diffusion. In the absence of highly irregular alveolar ventilation, therefore, this simple test appears to be of value in determining pulmonary alveolar diffusing capacity.
The radiological assessment of the degree of pulmonary blood flow in intracardiac shunts was effected by means of a "double-blind" procedure. Routine 6-foot radiographs of the chest were studied in patients who had previously undergone hemodynamic and diffusion studies, and also in a control series of subjects known to have normal pulmonary blood flow. In each case the cardiac shadow and pulmonary hilar vessels were screened from view, so that the radiologist undertaking the assessment would not be influenced by the size and shape of the heart and major vessels in his estimate of pulmonary vascularity. Independent opinions were received from 3 radiologists. Final conclusions on the assessment of pulmonary blood flow were expressed simply as: increased, diminished, or normal, without further attempt at quantitation (Fig. 3 ).
RESULTS
The mean normal value for CO percentage uptake was 55 0 ± 15-06, and that for intracardiac shunts was 77-3 + 14-34 (Fig. 1A) . The difference between these two values was highly significant (p < 0-001). There was, however, no significant difference between the mean CO percentage uptake in the small group of ventricular septal defects and the mean value determined in the atrial septal defects. The large standard deviations may be ascribed to the measure of subjectivity attaching to the technique for determining carbon monoxide concentrations in the respiratory gas mixture. Our mean value for normal subjects is similar to the average previously determined by Wassermann (1961) in this laboratory (52-5%) and to those values determined by Milledge (1960) The mean values for CLco in normal subjects and in patients with intracardiac shunts were respectively: 6-69 ± 3*55 and 7*49 ± 2-95 ml./min./mm.Hg (Fig. 1B) Fig. 2A-2D ). In the case of CLco no correlation could be shown to exist with either percentage shunt (Fig. 2C ) or pulmonary index (Fig. 2D) . When CO percentage uptake was correlated with pulmonary index a negative correlation was demonstrated (r = -0.55) (Fig. 2B ). There was, however, no correlation between CO uptake and percentage shunt ( Fig. 2A) . In some cases, follow-up studies were performed after surgical repair of the intracardiac defect, and with a single exception no substantial changes in either fractional CO uptake or conductance were demonstrable (Table) . The follow-up period was, however, no longer than 10 weeks in the majority of cases.
A significant degree of pulmonary arterial hypertension was present in only one of the cases of atrial septal defect studied (Subject E.V., Table) . The pulmonary arteriolar resistance was also abnormally high in this patient. After closure of the septal defect the degree of pulmonary hypertension increased progressively. One year after surgery the pulmonary vascular resistance had increased from 5*5 to 7-2 units. Concomitantly there was a substantial increase in the grade of exertional dyspnoea. During the same period the CO percentage uptake declined from 906 to 66-7. The CLCO was abnormally low, both before and after operation.
In the radiological assessment of pulmonary blood flow the following results were obtained (Fig. 3) . Of the normal subjects, 51 were regarded as having normal pulmonary blood flow, 4 were regarded as plethoric, and one as having an oligoemic appearance. Of the patients with atrial septal defects, 20 were reported as having increased (Rankin and Callies, 1958; Rankin, 1960; Bedell, 1961; Bedel and Adams, 1962 (1960) . He has shown that in cases of mitral stenosis, the early increase in DLco seen in the stage of capillary congestion and a relatively normal membrane has been succeeded by decreased diffusing capacity on the advent of pulmonary arterial hypertension and membrane thickening.
The general good correlation between radiological assessment of pulmonary flow and direct haemodynamic determinations on the one hand, and the established increase in diffusion associated with conditions of enhanced pulmonary flow on the other, hold promise of a readily performed clinical evaluation of pulmonary blood flow in cases of suspected intracardiac shunts, based on these two criteria.
The radiological appearances of pulmonary plethora were less frequently noted in our series of ventricular septal defects than was the case with the atrial septal defects. This may be evidence in support of Bedell's (1961) observation of a relatively lower pulmonary diffusing capacity in patients with ventricular septal defect. We were otherwise unable to confirm this assertion.
The effect of an increased pulmonary blood flow on the pulmonary diffusing capacity is not yet fully understood. The observed increase in diffusing capacity with exercise has been ascribed to the enhanced cardiac output. There is experimental evidence, however, that an increase in the cardiac output brought about in normal resting subjects is not accompanied by any significant changes in diffusing capacity (Ross, Frayser, and Hickam, 1959) . This is to be expected when one considers the formula for DLco and its constituent factors (Roughton and Forster, 1957) . The resistance to pulmonary CO diffusion (l/DLco) comprises two separate resistances, namely that which is offered by the alveolo-capillary membrane (l/DM) and that which arises from the transfer of CO through the red cell membrane to the interior of the cell (lI/OVc).
These two component resistances are arranged in series, and the total resistance may be expressed thus:
where DM is the diffusing capacity of the alveolocapillary membrane, Vc is the volume of blood in the pulmonary capillaries, and 0 is a variable representing the rate of uptake of carbon monoxide by the red cells for each mm. Hg carbon monoxide tension. It is apparent that the pulmonary blood flow, as such, does not, at least in theory, contribute to diffusion, but changes in the size ofthe pulmonary vascular bed do bear a direct relation to diffusing capacity. The rate of flow past the alveolocapillary membrane is not a critical factor, and the hoemoglobin "compartments" for carbon monoxide are so large as to preclude their speedy saturation (Bedell, 1961 ). An increased cardiac output flowing through a normal-sized capillary bed will thus not occasion an enhanced diffusing capacity. An enlarged capillary bed will, on the other hand, be associated with a greater rate of diffusion where the pulmonary flow too is increased. The existence of an increased pulmonary capillary blood volume, and consequently a greater capillary surface area available for diffusion, has been demonstrated in cases of intracardiac shunts by Rankin and Calflies (1958) . When these considerations are taken into account it is not to be expected that any sudden changes in pulmonary diffusing capacity will be effected consequent to the abrupt diminution in pulmonary flow, which must accompany closure of a septal defect. As has already been stated, this was in fact the experience in the current series of cases followed up after operation. We do not have at our disposal, however, any information regarding the possible shrinkage of total capillary volume in such lungs following corrective cardiac surgery.
A further point arising out of these results requires elucidation, namely the negative correlation which was found to exist between fractional CO uptake and pulmonary flow index. If this finding is significant, it seems to indicate that a critical point may well be reached in the rate of blood flow past the alveolo-capillary membrane. At this juncture, the increase in capillary surface area available for diffusion would, as it were, not be able to keep pace with the greatly accelerated blood flow, occasioning a relative inefficiency in alveolo-capillary gas transfer. The disproportionate interrelation arising from the logarithmic increase in blood volume over and against the linear increase in surface area available for diffusion will be evinced once the hypothetical critical point is attained. Recent work (Staub, 1963) has shown that the red cells normally do not, as was previously held to be the case, traverse the alveolar capillaries in single file. It seems reasonable to assume therefore that not all the circulating erythrocytes will take part in the diffusion process, and that relatively fewer cells will in fact be actively involved when peripheral capillary dilatation arises.
It seems that further studies, involving the direct measurement of the pulmonary capillary blood volume in patients with intracardiac shunts, would be valuable. Using a technique such as that of Roughton and Forster (1957) , the relative participation of the component resistances to diffusion may be assessed. The factor l/0Vc is the more important of these, accounting on the average for some 50-70 per cent of the total resistance to diffusion, as against the 30-50 per cent contribution of I/DM.
In studying the pulmonary diffusing capacity of patients with intracardiac shunts uncomplicated by severe pulmonary hypertension and organic structural changes in the capillary membrane, the constituent resistance I/DM may to a great extent be disregarded. SUMMARY An attempt has been made to devise a simple clinical test that would provide a reasonably accurate assessment of pulmonary blood flow in cases of suspected intracardiac shunts. In this connexion, the possibility of employing pulmonary diffusing capacity for carbon monoxide and the radiological appearances of the lung fields in routine chest radiographs as a guide to the grade of pulmonary flow has been evaluated.
Making use of an office procedure to measure the diffusion parameters of fractional CO uptake and CO "conductance", a series of 16 patients (with intracardiac shunts) who had previously undergone hmmodynamic studies and radiological assessment was compared with a group of normal subjects. A significantly higher CO uptake was found in the patients with intracardiac septal defects. There was no statistical difference between the mean values for CO conductance in the two groups. This was considered to indicate the absence of any over-all aberration in alveolo-capillary gas transfer in uncomplicated intracardiac shunts. There is some evidence, however, that both diffusion parameters may reflect a decreased diffusing capacity in cases of shunts complicated by pulmonary hypertension and membrane thickening.
No correlation was found to exist between either diffusion parameter and percentage left-to-right shunt, but a negative correlation has been demonstrated between CO uptake and pulmonary index. This can be explained in terms of a relative inefficiency in gas transfer resulting from the enhanced pulmonary flow. No material changes in diffusion have been observed to attend closure of intracardiac septal defects. This seems to underline the importance of pulmonary capillary blood volume rather than pulmonary flow as a prime determinant of diffusing capacity.
It is concluded that carbon monoxide diffusion is a useful guide to the pulmonary circulation in cases of intracardiac shunts, and that a method of determining diffusing capacity that takes into account the size of the capillary bed and the surface area available for diffusion holds promise of an accurate assessment of pulmonary hmmodynamics in clinical application. 
